This paper presents an analysis of effects of dynamic air-gap eccentricity on the performances of a 6/4 Switched Reluctance Machine (SRM) through finite element analysis (FEA) based on a FEMM package associated to MATLAB/SIMULINK package software. Among the various Time-Frequency methods used for detection of defects, the Time-Frequency Representation (TFR) is an appropriate tool to detect the mechanical failures through the torque analysis by allowing a better representation independent from the type of fault. Simulation results of healthy and faulty cases are discussed and illustrate the effectiveness of the proposed approach.
INTRODUCTION
In a wide variety of industrial applications, an increasing demand exists to improve the reliability and availability of electrical systems. Popular examples include systems in aircraft, electric railway traction, power plant cooling or industrial production lines. A sudden failure of a system in these examples may lead to cost expensive downtime, damage to surrounding equipment or even danger to humans. Monitoring and failure detection improves the reliability and availability of an existing system. Since various failures degrade relatively slowly, there is potential for fault detection at an early stage. This avoids the sudden, total system failure that can have serious consequences.
Electric machines are a key element in many electrical systems. Amongst all types of electric motors, switched reluctance drive is more fault tolerant than other drives, mostly because it can continue operating and produce torque with one or more of its phases not functioning. This is due in large part to the decoupling of the machine phases. This machine, however, is not fault free, and questions emerge as to diagnostic and detection methods.
Many authors have examined the effect of rotor eccentricity on the machine parameters and performance and developed different ways to model and to monitor the induction machines with air-gap eccentricity [1] - [20] .
In the case of switched reluctance machine (SRM), the knowledge of the physical effects of eccentricities is not yet very complete. Among the researches, which studied SRM under dynamic eccentricity (DE) fault, we find in [21] a 6/4 SRM with dynamic eccentricity modeled and simulated using a coupled structural and electromagnetic 2D Finite Element Method (FEM).
A 3D FEM approach is applied in [22] for describing the performance characteristics of a 6/4 SRM under dynamic rotor eccentricity. This approach is also employed to evaluate the performance of the motor (including flux density, flux linkages, terminal inductance and mutual inductance profile) under different rotor positions and under different varying degree of angular misalignment fault in [23] . In [24] the same approach is used and a new hybrid method of obtaining the degrees of freedom for radial air-gap length in SRM operation under normal and faulty conditions based on magnetostatic analysis is presented. [25] proposes a mathematical model for calculating forces in novel switched reluctance bearingless motor (SRBM) with a single layer winding in eccentricity conditions.
A literature survey showed a lack of detection methods that account for the SRM mechanical fault effect. The most authors simply give the behavior of SRM under eccentricity without application of the methods of diagnosis that allows obtaining accurate results. Relatively few works study the influence of eccentricity on the dynamic response of SRM (output torque signal). Various Time-Frequency methods as Wigner-Ville Distribution (WVD), Spectrogram (SP) and Short-Time Fourier Transform (STFT) are used for fault detection.
In this article, the signal processing method, namely, TimeFrequency Representation (TFR), will be used to study the effect of dynamic air-gap eccentricity on the torque profile of an SRM as summarized in 
MAGNETOSTATIC ANALYSIS USING FEMM
Dynamic eccentricity (DE) is introduced as shown in Fig. 2 . A dynamic eccentricity occurs when the center of the rotor is not at the center of rotation and the minimum air-gap revolves with the rotor. The risk of high levels of dynamic eccentricity is a mechanical contact between the rotor and the stator resulting in considerable damage for the machine. To investigate the effect of dynamic eccentricity on the 6/4 switched reluctance behaviour, the motor is simulated utilizing 2-D finite element analysis by Finite Element Method Magnetics (FEMM) package [26] . Using finite elements method is a priori appealing for solving complex problems with a better accuracy.
A model of the switched reluctance machine cross section was created by using the FEMM package. Iron material was used in the structure of the stator and rotor cores with the following B-H curve shown in 
DYNAMIC ANALYSIS USING MATLAB
In a previous paragraph, the studied 6/4 SRM was modeled by a finite element method (FEM) providing us the different magnetic data for the realization of the look-up tables. These data were provided in the matrix shape and made it possible to carry out the look-up tables for ten rotor positions,, from 0° to + 45°, and also ten different current values from 0 to 25A.
Dynamic Equations of The SRM
The mathematical model for predicting dynamic response of SRM under dynamic eccentricity is described by the following set of equations. The electric equation of each phase, i={1,2,3}, is given by
The linkage flux in each phase is given by
The total energy associated with the three phases is
The total electromagnetic torque is
The mechanical equations are
Where Cr represents the torque load, F is the viscous friction coefficient and  is the angular speed.
This mathematical model enables computation of instantaneous values of phase currents, total torque and speed. The instantaneous total electromagnetic torque is obtained by summing instantaneous phase torque at instantaneous angular position. This value cannot be expressed analytically in terms of phase current, since magnetic saturation is present at loading of the SRM.
Effect of Dynamic Eccentricity on Torque
The following calculations derive the expression of the torque in presence of dynamic eccentricity. The reference [27] gives the relation between torque and air-gap length, g, as follows 
The air-gap length g(θ) in case of an eccentric rotor can be modeled as
In SRM, the air-gap is in general relatively small compared to the rotor radius, Rr (0.5mm<<<58mm). Therefore, the rotor displacement described by a and b is also small compared to Rr, and g(θ) is commonly approximated by
where g0=(Rs−Rr) is the mean air-gap length without eccentricity. The parameters a and b take different expressions with respect to the type of eccentricity and δd denote the degree of dynamic eccentricity. Then
Formula (7) of the torque can be rearranged by using equations (8) to (11) 
Look-Up Table Construction
In computing procedure solving the equation of the mathematical model the look-up table of the torque Ce(θ, i) and flux linkage Ψ(θ, i) need to be known. The corresponding static characteristics of the studied SRM are represented in Fig 8 and Fig 9, respectively.
To solve the equation (1) 
Hysteresis Current Control
Hysteresis current control represented in Figure 11 is the used energizing strategy for a SRM. Results of dynamic behavior of the SRM, shown in Figures 12, 13 and 14, have been achieved for θon=0°, θoff=38°, and a current reference of Iref =8 A, with the motor functioning at no-load.
Two different cases, namely, a healthy case and an eccentric rotor case for conducting the analysis were created. In the first model, it is assumed that dynamic air-gap eccentricity is not present and, in the second model, dynamic air-gap eccentricity is introduced to see the effect of eccentric rotor on the torque behavior.
Manufacturers working to keep the total eccentricity level normally as low as possible in order to minimize unbalanced magnetic pull (UMP) and to reduce vibration and noise, for this an air-gap eccentricity up of 40% is not permissible due to collision of the rotor pole with stator pole. 40% dynamic air-gap eccentricity was assumed.
The healthy versus time plot is considered as reference values for the study of the faulted cases.
The torque versus time plotted in Figure 12 is given for the healthy machine, respectively for the faulty case. It is clear that the torque value and frequency have increased rapidly due to the dynamic air-gap eccentricity. The current through phases is regulated at the reference level by hysteresis control. Figure 13 shows the current waveforms of the healthy and faulty motor. It is observed that the frequency of current as well as the torque has doubled. Due to this fault the speed value increased from 135 rpm to 300 rpm as shown in Figure  14 . 
TIME-FREQUENCY ANALYSIS OF TORQUE
In order to have a more informative description, various Time-Frequency Analysis (TFR's) as Wigner-Ville Distribution (WVD), Spectrogram (SP) and Short-Time Fourier Transform (STFT) have been taken to study the effect of dynamic air-gap eccentricity on the torque profile of an SRM in the healthy and faulty cases (an air-gap eccentricity of 40% was assumed).
The results obtained from Figure 15 to 20 shows that with dynamic eccentricity, the value of the torque is increased. The TFR method allows remarking the analysis in the characteristic failure; besides, it maximizes the failure relative value. Compared with SP and STFT, dynamic eccentricity of SRM torque (non-stationary signal) is clearly shown by WVD. The STFT assumes that the non-stationary signal is slowly changing in a chosen time window. This and the choice of window length impair the use of STFT at low frequencies or when the signal is changing very fast dynamically. This limits the use of STFTs.
The Wigner-Ville Distribution Wx(t,f) of signal x(t) is defined as
The Short-Time Fourier Transform of signal x (t) is
The squared Short-Time Fourier Transform is called the spectrogram and its expression is 
CONCLUSION
In this paper, an important signal processing method, namely Time-Frequency Representation (TFR), is used for diagnosis of the dynamic eccentricity in SRM.
A detection model allows SRM behavior to be determined under different varying degree of dynamic eccentricity fault is built based on the Finite Element Method Magnetics (FEMM) combined with a MATLAB/SIMULINK simulation and lookup table of the torque and current. A mathematical model of the torque based on eccentricity has been developed.
It was proved that the value of the electromagnetic torque, speed and flux of the faulty motor is increased compared with that of the healthy motor. This could largely increase noise in the motor. Joint TFR in three-dimension show the ability of fault identify also reliability for the fault diagnosis and detection, the results were found to be in close agreement to the simulation results. 
